Cellular regulation of hexose uptake was studied in cultures of NIL hamster cells. Enhancements of galactose uptake were elicited most strikingly by maintaining confluent NIL cultures in culture media devoid of glucose. These glucose-starved cultures showed up to 8-or 9-fold enhancements in the galactose uptake test. When these cultures were treated for extended periods with cycloheximide, the enhanced uptake was left unimpaired, whereas the uptake by glucose-fed cells, similarly treated with cycloheximide, was inhibited greater than 90%. Addition of glucose to these starved cultures resulted in a gradual decline of uptake rates to the unenhanced level (t 1/2 approximately 3 hr). In surprising contrast, when both glucose and cycloheximide were added simultaneously, the decline was arrested for at least 12 hr. If cytochalasin B (the specific inhibitor of hexose transport) was present, the uptake of galactose by both starved and fed cells was close to completely inhibited. By several criteria, cells maintained for 24 hr in medium containing both glucose and cytochalasin B were glucose-fed. Yet, when the cytochalasin B was removed, the cells were found to have enhanced rates of galactose uptake. The regulation of the hexose uptake system may therefore not be guided by the levels of glucose catabolites. Alternative mechanisms that may control hexose uptake are considered. Animal cells, deprived of glucose for prolonged culture periods, were first shown to manifest striking enhancements of hexose uptake by Martineau et al.
approximately 3 hr). In surprising contrast, when both glucose and cycloheximide were added simultaneously, the decline was arrested for at least 12 hr. If cytochalasin B (the specific inhibitor of hexose transport) was present, the uptake of galactose by both starved and fed cells was close to completely inhibited. By several criteria, cells maintained for 24 hr in medium containing both glucose and cytochalasin B were glucose-fed. Yet, when the cytochalasin B was removed, the cells were found to have enhanced rates of galactose uptake. The regulation of the hexose uptake system may therefore not be guided by the levels of glucose catabolites. Alternative mechanisms that may control hexose uptake are considered. Animal cells, deprived of glucose for prolonged culture periods, were first shown to manifest striking enhancements of hexose uptake by Martineau et al. (1) and later by others (2) (3) (4) (5) . It was also discovered that the presence of inhibitors of protein synthesis prevented the large increases in uptake when the cells were being starved (1, 2, 4, 5) . Because of these findings, it has been suggested that starvation-induced increases in hexose uptake rates may result from "derepression" (1, 2) . By using the nonmetabolizable analog of glucose, 3-0-methylglucose, this derepression could be largely attributed to the initial step in hexose utilization, transport (2, 4) . Since feeding cells 2-deoxyglucose resulted in repression and 3-0-methylglucose feeding did not (2) , it was reasoned that the 6-ester of 2-deoxyglucose was directly interfering with derepression (1, 2) . This, in turn, implied that the physiological "repressor or corepressor" may be glucose-6-phosphate. In this article we present evidence that catabolic repression does not fully explain regulation of hexose uptake in hamster cell cultures. Effects of cytochalasin B and cycloheximide on the regulation of hexose uptake have led us to suggest that turnover of hexose carriers is highly responsive to the presence or absence of glucose (or its metabolites), and this could explain increased rates of uptake after glucose starvation.
In hamster cells the regulatory changes brought about by the starvation-mediated derepression are more pronounced for galactose uptake than for 2-deoxyglucose uptake (3) . For this and other reasons, galactose became the routine substrate in the uptake tests.
Abbreviations: CB, cytochalasin B; Me2SO, dimethylsulfoxide.
MATERIALS AND METHODS
Reagents. D-[U-14C]Galactose (264-298 mCi/mmol), 2- deoxy-D-[G-3H]glucose (10 Ci/mmol), [5-3H] (3, 5) . The delay in the incorporation of label into the insoluble fraction (Fig. 1B) illustrates that the galactose label found in cells after routine uptake times of 5 or 10 min fairly well represents only the ethanol-soluble fraction. shown, see refs. 3 and 5). As was shown in studies of hexose uptake by chick cells (7), the rate of uptake by glucose-fed cells released from 24-hr treatment with CB was higher than control, glucose-fed cultures ( Table 2 ). This enhanced level in glucose-fed cells approached the level of the glucose-starved cells (Table 2 ). Table 2 it can also be seen that the glucose-starved cells show greatly enhanced active transport, much like the previous demonstration of cycloleucine transport enhancement (3).
Effects of cycloheximide
The lack of coupling between the control of hexose uptake and hexose catabolism gains further support from a series of experiments in which cycloheximide was used to modify uptake rates and galactose metabolism. Although puromycin treatment of cells caused similar results, cycloheximide was an effective inhibitor of protein synthesis (see below and Fig. 3) , and was found to be less likely to cause the cells to detach from the surface of culture vessels. Cycloheximide has no effect on the uptake of sugars when it is present in the assay (data not shown, see refs. 4 and 5). However, over prolonged culture times cycloheximide does partially inhibit the development of enhanced galactose uptake rates by glucose-starved cells (Fig. 2) . Even in the presence of concentrations of cycloheximide capable of sustaining a greater than 90% inhibition of protein synthesis (data not shown), the glucose-starved cells were repeatedly found to sustain a 1.5-to 2;fold increase in galactose uptake rates. These cells retain the ability to metabolize trace amounts of galactose as if they had been fed glucose instead of being starved (5) .
Interesting comparisons of the effect that cycloheximide has on uptake rates of sugar-starved cells were provided through studies of galactose uptake by glucose-fed cells. Cells that have been refed medium containing glucose and 10 gg of cycloheximide per ml steadily lose the ability to take up galactose (Fig. 2) . As can be seen in Fig. 3 , this loss can be appreciable, since the uptake capacity of these fed cells after 24 hr of cycloheximide treatment often amounted to only 5% of the initial capacity. Fig. 3 also demonstrates the paradoxical but critical range of cycloheximide required for the expression of the maximal loss of uptake ability and the parallel inhibition of protein synthesis. High concentrations of cycloheximide (and puromycin, data not shown) contained in the culture medium promoted a modest uptake enhancement in sugar-fed cells while protein synthesis continued to be inhibited by greater (Table 3 , Fig. 4 ). The decrease was moderate for 2-deoxyglucose uptake but was usually more marked for galactose uptake ( Table 3 ). The data shown in Fig. 4 are reversals of derepressed uptake rates in response to refeeding with 4.5 mg of glucose per ml (22 mM) and show a half-time (t1/2) for galactose uptake reversal of between 2½ and 3 hr. Treatment of the starved cells with a combination of glucose and cycloheximide (or puromycin) did not permit any decrease in uptake rates (Table 3 , Fig. 4 ), yet the consumption of glucose in the cells so treated was considerable (40-60% of that of cells treated with glucose alone), and Cell Biology: Christopher et al. lactate production into the media showed that the glycolytic pathway was functional. Evidently glucose metabolic products (e.g., glucose-6-phosphate) did not interfere with the derepressed state of the uptake system. Consonant with this view, 2-deoxyglucose, replacing glucose in the refeeding medium for 6-8 hr, also did not interfere with the high uptake rates (Table   3 , Exp. 3). These results contradict earlier speculations that the 6-ester, the main metabolic product of 2-deoxyglucose, controls hexose uptake rates. Other controls not affecting the high uptake levels are described in Table 3 and Fig. 4 . (Fig. 2) . Once lost, the turnover factor(s) must be resynthesized in order again to interfere with the overall uptake system (Fig. 4) (8, 9) . By using culture conditions similar to the ones described in this paper, it may be possible to obtain membrane vesicles from cells with uptake rates ranging from very low (cycloheximide-treated fed cells) to very high (starved cells). Cell populations with up to 50-fold differences in uptake rates can be obtained (Fig. 2) . Isolation of vesicles and further attempts to isolate transport carriers are needed to get more insights into the nature of carrier function and turnover.
Note Added in Proof. Results of our recent 3-O-methylglucose transport assays (10 s at 370) show unambiguously that carrier activity is subject to regulation in response to the above changes in culture conditions. Moreover, assays of the galactokinase activities in vitro did not show any significant differences as a result of changes in culture conditions (10) .
